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Human vascular wall-resident CD44+ multipotent stem cells (VW-MPSCs) within the vascular adventitia 
are capable to differentiate into pericytes and smooth muscle cells (SMC). This study demonstrates 
HOX-dependent differentiation of CD44(+) VW-MPSCs into SMC that involves epigenetic modification of 
transgelin as a down-stream regulated gene. First, HOXB7, HOXC6 and HOXC8 were identified to be 
differentially expressed in VW-MPSCs as compared to terminal differentiated human aortic SMC, 
endothelial cells and undifferentiated pluripotent embryonic stem cells. Silencing these HOX genes in 
VW-MPSCs significantly reduced their sprouting capacity and increased expression of the SMC markers 
transgelin and calponin and the histone gene histone HI. Furthermore, the methylation pattern of the 
TAGLN promoter was altered. In summary, our findings suggest a role for certain HOX genes in regulating 
differentiation of human VW-MPSC into SMCs that involves epigenetic mechanisms. This is critical for 
understanding VW-MPSC-dependent vascular disease processes such as neointima formation and tumor 
vascularization. 



New vessel formation by both, angiogenesis and post-natal vasculogenesis is a prerequisite for tissue 
regeneration but also for several diseases, including tumor progression and atherosclerosis. The active 
cellular component in these processes is granted by endothelial lineage cells, but neovascularization does 
not only depend on endothelial cell migration and proliferation with subsequent formation of endothelial tubes, it 
also requires pericyte coverage of vascular sprouts for vessel stabilization and survival 1 . Until some years ago bone 
marrow cells and endothelial cells lining the lumen of quiescent blood vessels were thought to be the only sources 
providing vascular progenitor cells or mature endothelial cells forming new vessels. Remarkably, recently pub- 
lished results identified the wall of adult blood vessels itself as a niche for stem cells 2 5 . Furthermore, organ- 
specific stem cell types are associated with the vessel wall, i.e. within the so called "vasculogenic zone" of the 
vascular adventitia 6,7 . Together with stem cell supporting functions of endothelial cells these findings suggest that 
the vascular wall provides different somatic stem cell types within the sub-endothelial space and the vascular 
adventitia. 

Consistent with the niche function of the adventitial vasculogenic zone the presence of Sca-1( + ) smooth 
muscle cell progenitors have been shown within this zone 8 . It also was reported that a subset of CD34( + ) cells 
within the vascular adventitia has the capacity to differentiate into pericytes 9 . More recently, our group identified 
CD44( + )CD90( + )CD73( + )CD34(-)CD45(-) cells within the adult human arterial adventitia, which we 
named vascular wall-resident multipotent stem cells (VW-MPSCs); these cells were capable to differentiate into 
vascular smooth muscle cells (SMC) and pericytes under in vitro and in vivo conditions. Furthermore, these cells 
reside predominantly in the vasculogenic zone of adult human blood vessels and contribute to maturation of 
newly formed vessels 10 . VW-MPSCs have the capacity to differentiate into chondrocytes, osteocytes and adipo- 
cytes suggesting a mesenchymal stem cell (MSC)-like behavior of VW-MPCs. MSCs may represent an important 
source of pericytes and smooth muscle cells during angiogenesis under physiological and pathological conditions. 
Classical MSC marker proteins show highly overlapping expression profiles with human aortic smooth muscle 
cells (hAoSMC), as well as vascular endothelial cells (EC) 7,11 . 



SCIENTIFIC REPORTS | 3 : 2178 | DOI: 1 0. 1 038/srep02 1 78 



1 



HOX genes encode homeodomain-containing master regulators 
of regional specification and organ development in the embryo and 
are widely expressed in the adult 12 . In humans 39 HOX transcription 
factors reside in four separate clusters, HOXA through -D, that are 
located on four different chromosomes. Commonly HOX proteins 
require co-factors for binding to specific DNA sequences in order to 
activate or repress target genes 13 . HOX genes orchestrate cell differ- 
entiation during embryonic development in many different lineages 
and developmental pathways 14 . Acknema et al. investigated HOX 
gene expression profiles of individual colony forming unit-fibro- 
blasts (CFU-F) derived from various organs and revealed that 
CFU-F have characteristic HOX expression signatures that are het- 
erogeneous but highly specific for their anatomical origin 15 . The 
topographic specificity of the HOX code is maintained during dif- 
ferentiation, suggesting that they are an intrinsic property of MSC. 
Furthermore, specific HOX gene expression profiles of stem and 
progenitor cells from mesodermal tissues, the so called "biological 
fingerprint" can be used to distinguish functionally distinct MSC 
populations derived from bone marrow and cord blood 16 . 

We hypothesized that determining the expression pattern and the 
potential role of HOX genes in VW-MPSCs would help to discrim- 
inate them from mature vascular cells such as mature EC and SMC 
and would provide new insight into the molecular mechanisms gov- 
erning the differentiation of VW-MPSCs into SMC. We identified 
HOXB7, HOXC6 and HOXC8 to be differentially expressed in VW- 
MPSCs as compared to hAoSMC, EC and embryonic stem cells (ES), 
suggesting that HOXB7, HOXC6 and HOXC8 expression in VW- 
MPSCs can be used to distinguish these cells from other vascular wall 
cells, e.g. SMC or EC and to manipulate their differentiation. Indeed, 
our data show that the aforementioned HOX genes are essentially 
involved in the differentiation of VW-MPSCs into SMCs by influ- 
encing the expression of calponin (CNN1) and TAGLN, apparently 
through alterations in the methylation status of the promotor regions 
of these genes. Moreover, these HOX genes affect Histone 1 (HI), 
which in turn also influences the expression of CNN1 and TAGLN in 
VW-MPSCs, and thus might be involved in the regulation of their 
differentiation into SMC. 

Results 

HOXB7, HOXC6 and HOXC8 are differentially expressed in 
human VW-MPSCs. A principal goal of these studies was to deter- 
mine whether HOX genes play a role in the biology of stem and 
progenitor cells that reside in the vascular adventitia. As a first step 
in addressing this we screened HOX expressions in VW-MPSCs in 
comparison to undifferentiated pluripotent human embryonic stem 
(hES) cells, and mature aortic smooth muscle cells (hAoSMCs) by 
quantitative Real-Time RT-PCR (qRT-PCR). In addition, we 
included mature vascular endothelial cells (ECs) in these studies, 
namely human umbilical vein endothelial cells (HUVECs). 
Subsequently hierarchical clustering analysis for the 39 HOX genes 
whose signals were derived from qRT-PCR analysis for each sample 
was performed (Fig. 1 A and Supplementary Table S2). The qRT-PCR 
analyses revealed nearly no HOX gene expression in undifferentiated 
hES cells, only a slight expression of HOXC12, -D13, -Bl, -C13 and - 
D12. In VW-MPSCs on the other hand, HOXC8 and HOXC6 (p < 
0.005), were strongly expressed in comparison to all other cell types 
tested, whereas HOXB7 (p < 0.005) was also highly expressed in 
HUVECs (Fig. IB). To a lower extent HOXA2, -A3, -B5, -B6, -B8, - 
C4 and -C5 were selectively expressed in VW-MPSC, whereas 
expression of HOXA1, -A7, -A4, -A10, -B3, -B4, -C9, -C10 and - 
D3 was present in VW-MPSC and in HUVECS. Like in hES cells 
nearly no HOX gene expression was detected in hAoSMC cells, only 
a slight expression of HOXD3, -Al, and -A2. (Fig. 1A). As HOX 
genes may be expressed in many different lineages of very different 
embryonic origins the related hierarchical clustering analyses 
revealed that a couple of HOX genes were expressed in VW-MPSC 



and HUVEC cells suggesting a close proximity of both lineages. In 
contrast, expression of classical EC marker genes was not detected in 
VW-MPSCs (Supplementary Fig. SI online), and VW-MPSCs failed 
to differentiate into endothelial lineage cells upon growth factor 
treatment, including the treatment with VEGF (Supplementary 
Fig. S2 online). Discriminating between different types of vascular 
wall cells using classical MSC marker proteins such as CD90, CD 105 
and CD73 (Fig. 1C) is difficult. The expression of ACTA2, and more 
prominent that of TAGLN was highly detectable in hAoSMC 
confirming TAGLN as a good marker to distinguish undifferen- 
tiated VW-MPSCs from mature SMC. 

HOX gene silencing reduced the invasive capacity of cultured VW- 
MPSCs. By using siRNA transfection to silence HOX genes that were 
identified to be overexpressed in CD44( + ) VW-MPSCs, we tested 
their effects on proliferation and differentiation. First, we studied the 
effect of HOX gene silencing on VW-MPSC proliferation. This was 
achieved by assessing the number of VW-MPSCs transfected with 
HOXB7, HOXC6 and HOXC8 siRNA alone or in indicated combi- 
nations in comparison to the number of VW-MPSCs cultured in 
normal growth media (NGM) alone or transfected with control 
(non-silencing) siRNA 4 days after treatment. The data show that 
the proliferation of VW-MPSCs was not affected by HOX gene 
silencing (Fig. 2 A, Supplementary Fig. S3 A online). To further 
evaluate the functional consequences of HOXB7, HOXC6 and 
HOXC8 gene silencing we analysed the capacity of VW-MPSCs to 
invade Matrigel (in-gel sprouting) when these cells were cultured as 
spheroids following transfection with siRNAs specific for these HOX 
genes, either individually or in combination, and with control siRNA 
(Fig. 2B). The results show that VW-MPSCs cultured in NGM alone 
and those transfected with control siRNA exhibit a higher invasive 
capacity in comparison to VW-MPSCs with gene silencing for 
HOXB7, HOXC6 and HOXC8. Moreover, treatment of VW- 
MPSCs after silencing of these HOX genes with angiogenic growth 
factors including VEGF, FGF2, PDGF, TGF(3l did not restore the 
reduced in-gel sprouting (not shown). 

TAGLN is a down-stream regulated gene of HOXB7, HOXC6 and 
HOXC8 activity in VW-MPSCs. Because inhibition of HOX genes 
expressed in VW-MPSCs altered important functions of these cells as 
exemplified by in gel-sprouting, we performed cDNA microarray 
analysis using Affymetrix® DNA chips in order to identify 
potential down-stream regulated genes of HOXB7, HOXC6 and 
HOXC8 activity (Fig. 3 and Supplementary Table SI online). To 
this aim CD44( + ) VW-MPSCs were transfected with HOXB7, 
HOXC6 and HOXC8-specific siRNAs both individually or in 
defined combinations using non-specific siRNAs as controls. After 
4 days cells were harvested and subjected for total RNA isolation with 
subsequently performed microarray analysis using Affymetrix® 
DNA chips according to Croner et al. 17 . Results are presented 
schematically by presenting the numbers of genes which were 
significantly altered upon HOX gene silencing (Fig. 3). For each 
probe set three (control, HOXC6, HOXB7) and two (HOXC8) 
Affymetrix® DNA chips were used. Upon silencing the expression 
of 1666, 1609, and 2075 genes was affected by HOXC8, HOXC6, and 
HOXB7 siRNAs, respectively. Comparing all three groups of diffe- 
rentially expressed genes, expression of 373 genes was significantly 
altered: 172 genes were up-regulated and 201 genes were down- 
regulated in comparison to VW-MPSCs transfected with control 
siRNA. The genes differentially expressed in response to HOX 
siRNA-mediated inhibition included several histone genes and 
perhaps most interestingly TAGLN, which is a well-known SMC 
differentiation marker (Fig. 3; for complete list see Supplementary 
Table S3 online). Next we performed qRT-PCR analyses using RNA 
extracts from VW-MPSCs transfected with control siRNA and with 
siRNA for HOXB7, HOXC6 and HOXC8 to validate the expression 
differentials of histone genes (Fig. 4A). In agreement with the 
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Figure 1 | HOXB7, HOXC6 and HOXC8 mRNA is expressed in human VW-MPSCs at a high level. (A) HOX expressions in VW-MPSCs was done as 
compared to undifferentiated pluripotent human embryonic stem (hES) cells, and mature aortic smooth muscle cells (hAoSMCs) and human umbilical 
cord endothelial cells (HUVEC) by quantitative Real-Time RT-PCR (qRT-PCR). Subsequently hierarchical clustering analysis for the 39 HOX genes 
whose signals were derived from qRT-PCR analysis for each sample was performed. (B) Diagram of expressed HOX genes in VW-MPSCs (purple bars) as 
compared to hES (blue bars), SMC (dark blue bars) and HUVEC (white bars). (C) MSC as well as SMC marker gene expressions in VW-MPSCs as 
compared hAoSMC. Obtained expression levels were normalized by division through the mean expression value of the reference gene (Actin) and are 
shown as relative quantification units (RQ). Data are presented as mean ± SD from five (MSC), three (human ES), four (SMC), and three (HUVEC) 
independent experiments measured two times each. *, p < 0.05; **, p < 0.005 (MSC vs. SMC). 



microarray data most histone isoforms were up-regulated after 
siRNA treatment. Interestingly, histone HI expression was up- 
regulated upon HOXC6 and HOXC8 gene silencing but the most 
prominent increase of HI expression was detectable in VW-MPSCs 



silenced for HOXB7 expression. Up-regulation of HI protein 
expression was confirmed at the protein level by Western blot 
analysis (Fig. 4B) of VW-MPSCs silenced for HOXB7, HOXC6 
and HOXC8 both individually and in combination. As expected, 
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Figure 2 | Silencing over expressed HOX genes in cultured vascular wall-derived MPSCs reduces in-gel sprouting while proliferation is not affected. 

(A) Equal cell numbers of VW-MPSCs were seeded and cultured in NGM and transfected with Control (non-silencing) or HOXB7, HOXC6 and HOXC8, 
siRNA. After 4 days cell numbers were analysed. Data are presented as mean ± SD from 3 independent experiments performed in duplicates each. (B) For 
analysing the sprouting capacity transfected cells were embedded in GFR-Matrigel as 3D-spheroids. In-gel sprouting was quantified 48 hours after 
embedding. The data represent the mean cumulative length of all cord-like sprouts growing from 10 individual spheroids per experimental group. The 
figure shows the results of 1 of 3 independent experiments with similar results. (B) "p£ 0.005. 



HI could also be detected at the protein level in the nuclei of cultured 
VW-MPSC and was found to be partially co-localized with the 
HOXC6 and HOXC8 protein (Fig. 4C, Supplementary Fig. S4 
online). 

TAGLN expression is down-regulated in human VW-MPSCs upon 
knock-down of HOXB7, HOXC6 and HOXC8 expression. Among 
the genes up-regulated in response to the silencing of specific HOX 



genes, we focused our attention on TAGLN, one of the earliest and 
most reliable markers of vascular SMC differentiation. TAGLN 
showed a general tendency to be up-regulated in our microarray ana- 
lyses after gene silencing for HOXB7, HOXC6 and HOXC8 (Fig. 5). 
To confirm these results we performed qRT-PCR analysis and 
determined the induced expression levels of TAGLN upon HOXB7, 
HOXC6 and HOXC8 gene silencing (Fig. 5A). The data show that the 
most prominent increase of TAGLN expression was found upon 
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Figure 3 | HOXB7, HOXC6 and HOXC8 signalling down-stream regulated genes were analyzed in human VW-MPSCs by gene expression profiling 
using Affymetrix® DNA chips. Results are presented as scheme depicting numbers of genes significantly altered upon siRNA silencing (mean signal 
control (average) compared to mean signal HOXC6 (average) as well as HOXB7 (average) and HOXC8 (average)). For each probe set three (Control, 
HOXC6, HOXB7) and two (HOXC8) Affymetrix® DNA chips were used. Histone genes as well as TAGLN which were represented on the chips are 
listened and fold induction (siRNA treatment/control) was calculated. For complete list see Supplementary Table SI online. 



HOXC6 silencing in VW-MPSCs. Additional support for the 
apparent induction of TAGLN expression upon HOXC6 silencing 
was obtained at the protein level by Western blot analyses (Fig. 5B) 
and immunofluorescence staining of cultured VW-MPSCs (Supple- 
mentary Fig. S3B online). Furthermore, the protein expression levels 
of calponinl (CNN1), an additional marker for mature SMCs, were 
also enhanced in response to HOXB7, HOXC6 and HOXC8 silencing 
(Fig. 5B). 

Interestingly, silencing of these HOX genes also resulted in an up- 
regulation of histone HI, both at transcriptional and translational 
levels (Supplementary, Fig. S3B online). Thus, we were curious to 
know whether HI knockdown might affect TAGLN or CNN1 
expression. Using specific siRNA we could effectively silence HI in 
VW-MPSCs (Fig. 5C) with concomitant reductions of TAGLN and 
CNN1 expression (Fig. 5C,), with the latter being confirmed at the 
protein level (Fig. 5D). 

This resulted in substantially reduced expression of the analyzed 
HOX genes (Fig. 5C). To further rule out that the changes in Histone 
gene expression observed upon silencing of the selected HOX genes 
may not simply be a consequence of affecting the cell cycle, we 
determined the stages of the cell cycle phases of cultured VW- 
MPSCs upon silencing of HOX genes and HI (Fig. 6, Supplemen- 
tary Fig. S5 online). As demonstrated by the proliferation marker 
Ki67 most of the cells were proliferating, meaning that they were not 
in GO. Furthermore no changes of Cyclin Dl (Gl-cyclin) and Cyclin 
Bl (mitotic cyclin) could be detected (Fig. 6B) upon HOX gene 
silencing. Finally Nicoletti staining and flow cytometric analysis were 
used to determine the number of cells actively synthesizing DNA and 
their position in G0/1, S, G2/M phase of the cell cycle (Fig. 6C, 
Supplementary Fig. S5 online). Again, no changes in the cell cycle 
phases were detectable upon HOX gene silencing. 



Gene silencing of HOXB7 and HOXC6 in VW-MPSCs altered the 
CpG methylation status of the TAGLN promoter. To assess poten- 
tial changes in the methylation status of the TAGLN promotor 
region upon HOX gene silencing, genomic DNA was isolated from 
VW-MPSCs transfected with control RNA (non-silencing) and with 
siRNAs specific for HOXB7, HOXC6 and HOXC8, and then 
subjected to bisulfite conversion. The subsequently performed PCR 
and sequence analysis using specific primers (Fig. 7, Supplementary 
Figure S6 online) revealed methylated CpG sites at positions 408, 
476, and 485 that were present in the DNA of VW-MPSCs 
transfected with control siRNA but not in the native, non- 
methylated TAGLN sequence. Thus, at these methylated CpG sites 
cytosine residues were not converted into thymine (Fig. 7, arrows). 
Upon HOXB7 mRNA silencing all three sites and upon HOXC6 
mRNA silencing only cytosine residues on position 408 became 
unmethylated indicating an alteration of TAGLN promotor status 
in response to the silencing of these HOX genes. These changes are 
consistent with the observed changes in TAGLN expression (Fig. 5), 
thus suggesting that HOX activity patterns play a role in VW-MPSC 
differentiation through epigenetic mechanisms. HOXC8 silencing in 
VW-MPSCs apparently did not alter the methylation status of 
cytosine residues in TAGLN promoter. In addition, two sites at 
position 425 and 499 displaying cytosine residue in the control 
sequence were changed into thymine upon HOXB7 and HOXC6 
siRNA treatment, which then showed the same sequence as in the 
native, non-methylated TAGLN sequence. 

Discussion 

Accumulating data published in recent years suggests that the vessel 
wall, in particular the vascular adventitia, is a niche for different types 
of stem and progenitor cells with the capacity to differentiate into 
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Figure 4 | Altered histone expression in human VW-MPSCs upon HOX inhibition by siRNA treatment. (A) VW-MPSCs were transfected with Control 
(non-silencing) or HOXC8, HOXC6 and HOXB7 siRNA in single or in indicated combinations. After 4 days cells were harvested and subjected for mRNA 
isolation and Real-Time RT-PCR quantification of histone gene expression. Data are presented as mean ± SEM from 4 independent experiments 
performed in duplicates each. (B) Histone HI, H2B, H2A protein levels were detected by Western blot. Equal protein amounts (50 ug, whole cell lysate) 
were loaded. Beta-actin was included as a loading control. (C) Double-immunofluorescence analyses on freshly isolated CD44( + ) cells plated on glass 
cover slips were performed for HOXC6 and HOXC8 (green) and HI (red). HI was detected in the nuclei of cultured VW-MPSC and was found to be 
partially co-localized with the HOXC6 and HOXC8 protein. Hoechst 33242 iodide was used for nuclei staining. 



both vascular and non-vascular cells. Here we demonstrated that 
HOXB7 and HOXC6 are involved in the differentiation and mor- 
phogenetic events of CD44( + ) MSC-like vascular wall-resident mul- 
tipotent stem cells (VW-MPSCs). We showed that expression of 
TAGLN, an early and potent marker of SMC differentiation, and 
CNN1, a structural component of differentiated mature SMCs, is 
dependent on the activity patterns of HOXB7, HOXC6 and 
HOXC8. Our current data show that silencing the HOX genes in 
VW-MPSCs leads to an alteration of CpG methylation in the 
TAGLN promotor region and increased TAGLN expression. This 
suggests that these HOX genes play a role in the epigentic regulation 
of VW-MPSC differentiation, although the underlying mechanisms 
are currently unknown. Finally, we were able to show that gene 
silencing of HOXB7 and HOXC6 in VW-MPSCs enhanced the 
expression of histone 1 (HI) at both mRNA and protein level. 
Gene silencing of HI in turn suppressed the expression of TAGLN 
and CNN1. Interestingly, HI gene silencing in VW-MPSCs reduced 
the expression of HOXB7, HOXC6 and HOXC8, thus suggesting that 
HI influences the expression of these HOX genes, which might rep- 
resent an additional regulatory mechanism involved in the VW- 
MPSC differentiation. 

We recently showed that VW-MPSCs exhibit MSC-like beha- 
viour 10 . Basically, MSCs are multipotent cells giving rise to both 
mesenchymal and non-mesenchymal tissues in vitro and in vivo 18,19 . 



They are commonly characterized by their ability to adhere to plastic 
and the expression of a panel of typical MSC surface markers, as well 
as their ability to differentiate into different cell types such as osteo- 
cytes, chondrocytes and adipocytes under specific in vitro differenti- 
ating conditions. We found that the wall of adult human blood 
vessels harbours not only EPCs but also CD44( + )CD34( — ) 
CD45( — ) multipotent MSC-like stem cells, which are capable to 
differentiate into pericytes/SMC and cover endothelial cell layers of 
newly formed blood vessels in vitro and in vivo 10 . These cells pre- 
dominantly reside in the so called "vasculogenic zone" of vascular 
adventitia. This zone was identified in human adult vessels as a niche 
for CD34 + CD31— EPCs, and for progenitors of macrophages 6 
earlier. Later, it was shown that CD34( + )Scal( + ) cells cluster in a 
domain of Sonic hedgehog signalling which was restricted to the 
inner part of mouse arterial adventitia similar to the vasculogenic 
zone. These cells reside in this zone from the developmental embry- 
onic to adult phase and have the capacity to differentiate into SMC 
and pericytes 8 . More recently, it could be shown that a subset of 
adventitial CD34( + )CD31( — ) progenitors of human saphenous 
vein have the capacity to differentiate into pericytes and to improve 
the neovascularisation and blood flow after intramuscular injection 9 . 
Finally, confirming the results of Zengin et al. it was shown that 
mature murine aorta contains hematopoietic progenitors capable 
of self-renewal and multilineage differentiation that are localized 
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Figure 5 | Increased TAGLN expression in human VW-MPSCs upon HOXB7, HOXC6, and HOXC8, and inhibition by siRNA treatment. (A) VW- 

derived MPSCs were transfected with Control (non-silencing) or HOXB7, HOXC6 and HOXC8, siRNA. After 4 days cells were harvested and subjected 
for mRNA isolation and qRT-PCR quantification of the late SMC differentiation marker TAGLN. (B) Increased TAGLN as well as CNN1 expression were 
confirmed at the protein level after gene silencing of HOXB7, HOXC6 and HOXC8 in VW-MPSCs. (C, D) Silencing HI mRNA expression directly 
decreases gene expression of TAGLN and CNN1. Data are presented as mean ± SEM from 4 independent experiments performed in duplicates each * p < 
0.05. 



primarily in the vascular adventitia 6-20 . In accordance to embryonic 
development where hematopoietic and endothelial progenitors co- 
exist within the same niche, the so called "blood islands", adult 
vascular adventitia seems also to harbor cells with the capacity to 
differentiate into both endothelial and blood cells. These data con- 
clusively suggest the adult vascular adventitia, in particular the vas- 
culogenic zone of the vascular adventitia, as a niche for different 
types of progenitor and stem cells including the CD44( + ) VW- 
MPSCs. 

In order to identify molecular mechanisms governing the differ- 
entiation of the vascular wall-resident MPSCs into SMC, we first 
performed qRT-PCR analyses on CD44( + ) cells isolated from 
hITA fragments in comparison to mature SMC of human aorta, 
hES cells and human EC. Among several genes being differentially 
expressed in VW-MPSCs the HOX genes HOXB7, HOXC6 and 
HOXC8 were found to be expressed in VW-MPSCs on a clearly 
higher level compared to mature hAoSMC. HOX genes encode for 
homeodomain proteins which are transcription factors that regulate 
lineage-specific gene expression and thus control cell and organ 
differentiation. Moreover, through a Hox expression code 21,22 they 
specify positional identities during embryonic development of 
organs including the vascular system 23 . Already in the 90ies it was 
reported that restricting expression of HOX genes allows distin- 
guishing fetal from adult human SMC 24 . Among HOX genes being 
identified in this work HOXB7 was found to be preferentially 
expressed in human fetal SMC. More interestingly, it was shown that 
over-expression of HOXB7 in the multipotent cell line C3H10T1/2 
induced the expression of early SMC markers such as calponin and 
SM22a, but not the intermediate SMC marker myosin heavy 
chain 25 ' 26 . 



Mammalian promotors can be readily classified into sets with high 
(HCPs), intermediate (ICPs) or low (LCPs) CpG-content 27 ' 28 . 
Promotors containing a 500 bp interval within —0.5 kb to +2 kb 
with a GC content a 0.55 and a CpG observed to expected ratio £ 0.6 
were classified as high CpG promotors (HCPs). Low CpG promotors 
(LCPs) contain no 500 bp interval with CpG observed to expected s 
0.4. All others were classified as intermediate promotors (ICPs). 
Based on these criteria the TAGLN promotor region is classified as 
an IPC with a (G + C) fraction of 0.64 and a CpG observed to 
expected ratio of 0.47. We show here that HOXB7 silencing in 
CD44+ VW-MPSCs induces the expression of SMC differentiation 
and maturation markers such as TAGLN and CNN1, which clearly 
indicates a differentiation of VW-MPSCs to a more mature SMC 
phenotype. 

HOXA7, HOXB2, HOXB5, HOXB7, and HOXC4, have prev- 
iously been demonstrated to act as transcripts regulating self- renewal 
and differentiation of these stem cells 29 . Furthermore, distinct HOX 
expression patterns have been reported for cord blood derived MSC 
(CB-MSC). These CB-MSCs behave almost like MSC from bone 
marrow (BM-MSC) and unrestricted somatic stem cells (USSC), 
which show a distinct differentiation potential for lineages of all three 
germ layers 16,30 . RT-PCR analysis of HOX expression revealed a high 
similarity between BM-MSC and CB-MSC which were HOX-pos- 
itive, whereas USSC are closely related to HOX-negative H9 ES cells. 
HOXA9, HOXB7, HOXC10 and HOXD8 are candidate markers to 
discriminate MSC from USSC. Interestingly, no classical EC marker 
genes are detectable in our VW-MPSCs and these cells failed to 
differentiate into endothelial lineage cells. An even closer relation- 
ship seems to exist between VW-MPSCs and mature SMC. SMC 
differentiation is accompanied by enhanced ACTA2 and TAGLN 
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Figure 6 | Cell cycle analysis after silencing over-expressed HOX genes and HI in cultured vascular wall-derived MPSCs. VW-derived MPSCs 
were transfected with Control (non-silencing, HOXC8, HOXC6, HOXB7 or HI siRNA alone or in indicated combinations and subjected for 
immunofluorescence staining for the proliferation marker Ki67 (A). Cell cycle distribution was analysed by Western blot analysis of Cyclin Bl and Dl 
expression (B) as well as by Nicoletti staining (C). Two-color flow cytometric analysis was used to quantify cells actively synthesizing DNA and their 
position in Gl, GO/1, S, G2/M phase of the cell cycle. Representative images for three independent experiments are shown. Data are presented as mean 
from 3 independent experiments. 



and CNN1 expression. TAGLN is expressed exclusively in smooth 
muscle-containing tissues of adult mammals and is one of the earliest 
markers of differentiating SMC 31 . While the expression of these mar- 
kers seems to be common feature of SMCs regardless of their ana- 
tomical position it has been shown that SMC of different parts of 
adult arteries, e.g. aortic arch, abdominal aorta and femoral artery 
exhibit distinct HOX expression profiles; this suggests the existence 
of a topographic Hox code in SMCs that specifies positional identit- 
ies 23,32 and that might be independent of Hox activity patterns in 
MSCs residing in the vessel wall. More recently, it was reported that 
ectopic expression of HOXC11, which is normally restricted to the 
SMC of lower limbs vessels, in carotid arteries, aortic arch and des- 
cending aorta results in drastic vessel wall remodelling including 
elastic laminae fragmentation, SMC loss and intimal lesion forma- 
tion 32 . Since our data are obtained from analyses on VW-MPSCs 
isolated from hITA the intriguing question is, whether also the 
adventitial VW-MPSCs differ in their HOX code depending on ves- 
sel type and body part where the blood vessels are located, and if this 
might have an impact on the development of vascular diseases e.g. 
neointima formation in certain adult arterial segments. Indeed, as 
summarized in recent reviews, adventitial cells are involved in the 
formation of atherosclerotic lesions and neointima formation 4,33,34 . 

We provide evidence that HI is involved in the regulation of VW- 
MPSC differentiation into SMC. HI expression in VW-MPSCs is 
significantly enhanced at both mRNA and protein level after 
HOXB7, HOXC6 and HOXC8 gene silencing. While HI is not 



involved in the primary steps of nucleosome packaging, it is involved 
in the packaging of the beads on a string sub-structure into a high 
order structure, binding to the "linker DNA" and stabilizing the 
chromatin structure whose details have not yet been solved 35 . 
Cellular studies in the past which aimed to address HI function 
showed that HI can alter the chromatin structure and serves as both 
a positive and negative regulator of transcription depending on the 
gene 36 . HI influences DNA methylation and regulates specific gene 
expression 37 39 . Although a 50% reduction of histone HI levels in ES 
cells affects chromatin structure globally, the expression of only few 
genes was found to be altered 40 . Terme et al. showed that pluripotent 
cells have decreased levels of H1.0 but increased levels of Hl.l, HI. 3, 
and HI. 5 compared to differentiated cells 41 . The knockdown of H1.0 
in human ES did not affect self-renewal but impaired their differ- 
entiation. Moreover, HI has been shown to enhance wound healing 
and increase interleukin -6 expressions of adult stem cells 42 . Thereby, 
HI treatment showed an up-regulation of mitogen-activated protein 
kinases (MAPKs), extracellular-regulated kinase 1/2 (ERK1/2) and 
sequential NF-kB translocation. A very recent study showed that 
depletion of HI in ES cells and in mouse embryos with knock-out 
of Hlc/Hld/Hle decreased the expression of many HOX genes sig- 
nificantly 43 . In line with these findings our results also show that HI 
depletion in VW-MPSCs results in transcriptional suppression of 
selected HOX genes. In contrast to Zhang et al 43 , who showed that 
HOXB7 expression was not altered after HI depletion in ES cells, 
we observed a reduced HOXB7 expression after HI silencing in 
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Figure 7 | HOXB7, HOXC6 and HOXC8 gene expression silencing alters methylation pattern of the TAGLN promoter sequence. Genomic DNA was 
isolated from control (non-silencing siRNA) and silencing siRNA (HOXC8, HOXC6, HOXB7) transfected VW-MPSC, subjected for bisulfite conversion 
and finally sequenced using specific primers for the modified DNA which do not contain any CpG sites in their sequence and were generated around the 
predicted CpG islands. Predicted promoter regions of the human gene TAGLN (ENSG00000149591) were emphasized. Org: Original sequence; BSC 
bisulfite modified sequence (MethPrimer results); HOXB7, HOXC6, HOXC8, Con (non-silencing control) sequence analysis after bisulfite conversion of 
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silencing siRNA treated cells as compared to original sequence (BSC), whereas siRNA (HOXB7 and HOXC6) treatment results in sequences similar to 
original sequence (BSC). Underlined nucleotides of control sequence indicate additional CpG sites. 



VW-MPSCs. This finding suggests that the interaction of HI and 
HOXB7 might be a more specific mechanism regulating gene 
expression and differentiation of VW-MPSCs. While it is still unclear 
how (direct or indirect) these both factors might interact with each 
other previous studies showed that HOXB7 is expressed at a mark- 
edly higher level in embryonic vascular SMC compared with mature 
SMC of adult vessels 24 . Moreover, in human atherosclerotic lesions, 
where mature SMC revert to a more immature and less contractile 
phenotype, HOXB7 mRNA was detected at a higher level than in 
normal artery walls 26 . More intriguingly, our data showed that HI 
silence in VW-MPCs suppresses the expression of HOXB7 while 
HOXB7 silencing in these cells significantly up-regulates the express- 
ion of HI. Thus, the data presented here suggest that both HOXB7 
and HI are involved in the epigenetic controlling of the differenti- 
ation of VW-MPSCs into mature SMC in physiological remodeling 
processes of the vessel wall and might also be relevant for vascular 
diseases. However, whether or not they interact with each other in 
these processes cannot be drawn from our analyses and needs to be 
studied by future studies. 

Moreover, we are well aware of the fact, that HOX genes acting as 
epigenetic regulators are known to involve non coding RNAs 
(ncRNAs), which can be described from HOX gene clusters. Long 
ncRNAs may have diverse roles in gene regulation, especially in 
epigenetic control of chromatin, but the prevalence of different 
mechanism by which they act is not known 44,45 . NcRNAs encoded 



in HOX clusters have been thought to regulate HOX gene expression 
by mRNA cleavage or interference between mRNA and the trans- 
lational machinery 46 . A large number of HOX ncRNAs, their com- 
plex clustering on the chromosomes, and potentially diverse modes 
of action suggest that ncRNAs play a significant role in HOX regu- 
lation 45 . Finally we cannot rule out if ncRNAs are critically involved 
in HOX gene downstream signaling and may contribute to cross- 
regulation among HOX genes. Whether or not, or how HOX 
ncRNAs might interfere with the presented regulation of TAGLN 
as a downstream target of HOX signaling in VW-MPSCs should be 
addressed in future studies. 

In summary, activated CD44( + ) VW-MPSCs enter the differenti- 
ation into mature SMC and pericytes which can be recruited for 
stabilization of new vessels or repair of pre-existing vessels under 
physiological conditions. But they also can contribute to neointima 
formation and tumor vascularization (Fig. 8). Very recently, siroli- 
mus, a drug frequently used in stent therapy to prevent coronary 
artery restenosis, has been reported to induce migration of adventi- 
tial stem/progenitor cells of from the adventitia into the intima as 
well as their differentiation into SMCs suggesting that they could 
contribute to restenosis, often observed even after drug diluting 
stent therapy 47 . Our CD44+ MPSCs might serve a candidate of 
adventitial cell types being activated by sirolimus. Future pre-clinical 
in vivo experiments should focus on this issue in order to clarify 
how the differentiation of VW-MPSCs in SMCs can be prohibited 
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therapeutically. Hypothetically VW-MPSCs can be mobilized from 
adventitia to the media and differentiate to SMC in cases of injury or 
damage of the arterial wall cells in order to replace them. Localized 
within the vascular adventitia, which serves as an interface between 
the inner parts of vessel wall inclusively blood flow and the surround- 
ing tissue, the VW-MPSCs might serve as an important therapeutic 
target. Since our data suggest a role for certain HOX genes in regu- 
lating VW-MPSCs differentiation it will be critical to define the 
underlying HOX-dependent mechanisms. 

Methods 

Reagents and antibodies. Control A and B siRNA, HOXC8, HOXC6 and HOXB7 
siRNA were from Santa Cruz (Santa Cruz, USA). Mouse anti-human CD44 antibody 
was from Antibodies Online (Aachen, Germany), TAGLN antibody was from Acris 
Antibodies (Herford, Germany), HOXC8, HOXC6 and HOXB7, aSMA, HI, H2B, 
H2A and H4 antibodies were from Santa Cruz (Santa Cruz, USA). Human embryonic 
stem cells (hES cells) used for RNA isolation had been cultured according to standard 
protocols and as previously described 48,49 (hES cells; lines H9, H9.2 passages 32-61 



and 13 passages 55-82). All peroxidase- and fluorescently-labelled secondary 
antibodies were from Jackson IR Laboratories (West Grove, USA). 

Tissue and cells. Human internal thoracic artery (hITA) samples were obtained 
during surgery (sparse material) according to local ethical and biohazard regulations 
and provided from the Clinics of Thoracic and Cardiovascular Surgery, University 
Hospital Essen for our institute. All these studies including human tissue samples 
were approved by the local ethic committee. Informed consent (written form, Nr. 10- 
4363) was obtained from the Ethik-Kommission, University Medical Faculty, Essen, 
Germany. hAoSMC and HUVEC were from Lonza ( Walker sville, USA) and 
cultivated as recommended by the manufactures in complete SmGM-2 and EGM-2 
medium. 

Isolation and purification of VW-MPSCs and EC. Specimens of hIT A were excised 
as previously described 10 . In brief, contaminating fatty and muscle tissue was removed 
from the vessel fragment. After several washes vessels were mechanically minced and 
dissociated for 30-40 minutes at 37 C C in OptiMEM I medium (GIBCO) containing 
0.2% type 2-collagenase (Worthington, Lakewood, USA). On dissociation cells were 
washed and cellular suspensions were passed through 70 um pore size filters. Highly 
pure VW-MPSCs were generated using a CD44 antibody and MACS technology 
(Miltenyi Bio tec). MACS was used according to the manufacturer's instructions and 
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Figure 8 | HOX genes are involved in the differentiation of CD44(+) VW-MPSCs into SMC. (A) CD44( + ) VW-MPSCs are preferentially resident in 
the adventitial "vasculogenic zone" of the vessel wall. Without mobilization from the niche they express HOXB7 and HOXC6 at high level compared to 
hAoSMCs. These HOX genes suppress the expression of TAGLN in VW-MPSCs, an essential factor of early SMC differentiation. This mechanism 
probably accounts for keeping the VW-MPSCs quiescent in the adventitial niche. In contrast, silencing of HOX genes alter the CpG methylation of 
TAGLN promotor resulting in increased TAGLN expression which induces the VW-MPSC differentiation into SMC/pericytes. HOX gene silencing also 
results in increased expression of HI in VW-MPSCs. HI silencing in turn results in reduced expression of both, TAGLN and CNN1 as well asHOXB7 and 
HOXC6. Whether HI directly enhances the expression TAGLN and CNN1 remains to be investigated. (B) Signals released, e.g. by endothelial 
dysfunction, may hypothetically induce the mobilization of CD44( + ) cells from the niche toward the intima accompanied by a modification of HOX gens 
regulating their differentiation into mature SMC. VW-MPSCs differentiation into SMC by mechanisms identified here might be of clinical relevance 
contributing to new vessel stabilization, neointima formation and tumor vascularization. 
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as described previously 10 . Primary VW-MPSCs were cultivated on plastic cell culture 
plates using complete human MSC-GM media (PromoCell, Heidelberg, Germany). 
Medium was removed 24 hours after initial plating, non-adherent cells were washed 
away and fresh medium was replaced. For EC isolation vessel sections were incubated 
in OptiMEM I containing 0.2% type 2-collagenase for 10 min. Crude cell extracts 
were plated on fibronectin- coated cell culture plastics. Medium was removed 30- 
45 min after initial plating, non-adherent cells were washed away and fresh medium 
(EGM-2 medium) was replaced. 

siRNA transfection. For siRNA treatment VW-MPSC were transfected with non- 
silencing (control) and HOX siRNA using PrimeFect siRNA transfection reagent 
(Lonza) according to the manufactures instructions. Cells were analysed for 
downstream effects 48 hrs or 4 days after transfection. 

In-vitro angiogenesis assay. VW-MPSCs were used to generate spheroids of defined 
cell number {500 cells/spheroid) and used for in-gel sprouting angiogenesis 
experiments as previously described 50 . In brief, defined cell numbers of VW-MPSCs 
were mixed in methocell medium and plated onto non-adherent plastic square petri 
dishes in 25 ul drops containing 500 MPSCs each. Spheroids were harvested as 
described above, resuspended in pre-cooled GFR-Matrigel {20-30 spheroids/250 ul 
Matrigel) and plated in 48- well cell culture plates. Data are presented as mean ± SD 
from three independent experiments. 

RNA isolation and cDNA synthesis. For RNA isolation the cells were lysed directly 
in the plastic Petri dishes as previously described and the RNA was isolated using 
RNeasy Mini Kit {Qiagen, Hilden, Germany) according to the manufacturer's 
instruction 51 . 

Real-time RT-PCR analysis. Analysis was carried out using the oligonucleotide 
primers listed in Supplementary Table 2 online. The PCR program consisted of initial 
denaturation at 95 IJ C for 30 s, annealing at 58°C for 40 s and extension at 72°C for 
30 s for 25-30 cycles. Specificity of all PCR reactions was tested by parallel reactions 
using water instead of cDNA. Real-time PCR analysis was performed using 
SYBR®Green PCR Master Mix (Applied Biosystems, Darmstadt, Germany) and 
standard conditions. The experiments were performed on ABI PRISM® 7000 
sequence detection system {Applied Biosystems). Expression levels of analysed genes 
were normalized to beta actin mRNA expression. 

Immunohistochemistry and immunofluorescence. Paraffin embedded tissue 
sections were hydrated using a descending alcohol series, incubated for 10-20 
minutes in target retrieval solution (Dako) and incubated with blocking solution (2% 
FCS/PBS). After permeabilisation sections were incubated with primary antibodies 
over night at 4°C. Antigen was detected with an anti-rabbit Alexa488 and anti-mouse 
Alexa555-conjugated secondary antibody (1/500). Hoechst 33242 iodide was used for 
nuclei staining. Specimens were analyzed by confocal microscopy. 

Western blot. Whole cell lysates were generated by scraping cells into ice-cold RIPA- 
P buffer (150 mmol/L NaCl, 1% NP40, 0.5% sodium- desoxycholate, 0.1% sodium- 
dodecylsulfate, 50 mmol/L Tris/HCL pH 8, 10 mmol/L NaF, 1 mmol/L Na 3 OV 4 ), 
supplemented with a complete Protease- Inhibitor- Cocktail (Roche) and performing 
2-3 freeze-thaw cycles. Protein samples {50-100 u.g total protein) were subjected to 
SDS-PAGE electrophoresis and Western blots were done as previously described 
using H2A, H2B, HI (all l/200)or pActin (1/5000) antibodies 51 . 

Analysis of cell cycle distribution. VW-derived MPSCs were transfected with 
Control (non-silencing) or HOXC8, HOXC6, HOXB7 siRNA alone or in indicated 
combinations and subjected for Nicoletti staining. In brief, cells were then fixed, 
permeabilized and stained for total DNA by 7-amino-actinomycin D (7-AAD). Two- 
color flow cytometric analysis was used to determine cells actively synthesizing DNA 
and their position in G0/1, S, G2/M phase of the cell cycle. 

Statistical analysis. Paired or unpaired two-tailed t-tests were performed using 
GraphPad InStat3 software depending on effective matching of the analyzed data. 
The SD and SEM are indicated by error bars. Significance was assumed for P values < 
0.05. 

cDNA microarray analysis. RNA quality and quantity were determined by the "Lab- 
on-a-Chip" method (Bioanalyzer 2100; Agilent Technologies, Palo Alto, CA) 
according to the manufacturer's instructions. The 3' : 5' ratios for the housekeeping 
genes glycerinaldehyde-3-phosphatase (GAPDH) and beta-actin supplied by the 
GeneChip were used as further measures of RNA quality and to exclude partial 
degradation. A 3' : 5' ratio < 3.0 was regarded as an indicator of good RNA quality 
according to the manufacturer's protocol (Affymetrix, Santa Clara, CA) 52 . Gene 
expression was examined using GeneChip technology (Affymetrix). Biotin-labeled 
cyclic RNA (cRNA) was generated by in vitro transcription, as described previously, 
and was hybridized to the GeneChips (HG-U133A) according to the manufacturer's 
instructions 53 . First-strand cDNA synthesis and labeled cRNA was generated as 
previously described 17 . Fragmentation of cRNA, hybridization to GeneChips, 
washing, staining and scanning of the arrays in the GeneArray scanner (Agilent) were 
performed as recommended by the Affymetrix gene expression analysis technical 
manual. Background correction and the extraction of the expression measure were 
performed according to Irizarry et al. using the robust multichip average (rma) 



expression measure as described previously 17 ' 54 ' 55 . Gene expression values were 
normalized according to instructions in the Affymetrix user manual. The reported 
signal of array n and gene i were normalized by multiplying a quotient of the target 
signal set to 500 and the average value of all genes after removing the values in the 
lowest and highest 2% of genes. 

Bisulfite conversion of DNA and sequence analysis. Genomic DNA was isolated 
from control (non- silencing siRNA) and silencing siRNA {HOXC8, HOXC6, 
HOXB7) transfected VW-MPSC using QIAamp DNA Micro Kit (Qiagen) according 
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